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N2	 fixation	 in	 soils	 associated	with	 no-	till	management	 and	 soil	 depth.	 In	 addition,	
quantification	of	nifH	gene	copies	related	to	Geobacter	and	Cyanobacteria	revealed	
that	these	groups	are	abundant	 in	soils	under	maize–soybean	rotation	and	soybean	












Agricultural	management	 in	 the	 extensive	 Pampa	 and	 Chaco	 plains	
of	 Argentina	 relies	 on	 no-	till	 farming	 (source:	 Aapresid,	 www.aa-
presid.org.ar)	 that	 accounts	 for	 about	 27	 million	 hectares,	 with	 an	
increasing	 simplification	 in	 crop	 sequence	based	mainly	on	 soybean	




as	well	 as	 higher	 bulk	 density	 and	 development	 of	 platy	 structures	
(Chagas,	Santanatoglia,	Castiglioni,	&	Marelli,	1995;	Novelli,	Caviglia,	
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properties	 in	 this	 system	 (Cavenage	et	al.,	 1999;	Wander	&	Bollero,	
1999).	It	has	been	shown	that	these	physical	soil	properties	affect	ac-
tivity	and	survival	of	fungal	and	bacterial	communities	(Hattori,	1988).	
Furthermore,	 it	 has	been	 suggested	 that	microscale	 spatial	 patterns	
and	depth	may	have	a	regulatory	effect	on	bacterial	density	(Nunan,	












imately	128	million	 tons	of	 nitrogen	per	year	 and	 is	 considered	 the	






microorganisms	 can	 vary	widely,	 ranging	 from	 0	 to	 60	kg	 Ha−1 per 
year	(Cleveland	et	al.,	1999;	Hsu	&	Buckley,	2009;	Reed,	Cleveland,	&	
Townsend,	2011).









to	 uncharacterized	 and	 uncultured	 soil	 bacteria	 (Duc,	 Noll,	 Meier,	
Bürgmann,	 &	 Zeyer,	 2009;	 Gaby	 &	 Buckley,	 2011;	 Hsu	 &	 Buckley,	
2009).	 Recent	 next-	generation	 sequencing	 techniques	 broaden	 the	
database	 of	 potential	 diazotrophs	 in	 several	 natural	 environments	
such	as	sea	water,	soils,	and	saline	mats	(Collavino	et	al.,	2014;	Farnelid	
et	al.,	2011;	Wang	et	al.,	2013;	Woebken	et	al.,	2015).
However,	 there	 is	 still	 considerable	 uncertainty	 about	 which	
components	 of	 the	 diazotrophic	 community	 are	 actively	 expressing	
nitrogenase	 in	 the	 different	 ecosystems.	 Studies	which	 lead	 to	 the	
examination	of	soil	functioning	in	real-	world	field	conditions	are	lim-






has	 been	 widely	 applied	 in	 aquatic	 environments	 (Bird	 &	Wyman,	
2013;	Church,	Short,	Jenkins,	Karl,	&	Zehr,	2005;	Short	&	Zehr,	2007;	
Turk	et	al.,	2011).	Nevertheless,	studies	on	nifH-	cDNA	are	in	general,	


































Two	 different	 no-	till	 agricultural	 managements	 were	 examined	
as	 treatments.	 Good	 agricultural	 practices	 (GAP)	 are	 characterized	
by	 intensive	 crop	 rotation	 (soybean–maize),	 practice	 of	winter	 cover	
crops,	 nutrient	 replacement,	 and	 low	 agrochemical	 use	 (herbicides,	
insecticides,	 and	 fungicides).	 Poor	 agricultural	 practices	 (PAP)	 are	




















2.2 | Reverse transcriptase (RT)- PCR amplification







used	 for	 the	 first	 step	 of	 nested	 PCR	 as	 proposed	 by	Yeager	 et	al.	




nifH22	 5′CAGGAAACAGCTATGACC	 ADW	 GCC	 ATC	 ATY	 TCR	 CC	
3′).	The	PCR	reactions	were	conducted	in	triplicate	to	minimize	ran-
dom	 PCR	 bias.	 Amplicons	 were	 purified	 by	 using	 NucleoSpin®	 Gel	
Extract	 II	 kit	 (Macherey-	Nagel)	 and	 quantified	 using	 a	 Nanodrop	
Spectrophotometer.	Replicates	were	pooled	 in	equimolar	concentra-








2.3 | nifH amplicon pyrosequencing and 
sequence processing
The	 diversity	 and	 structure	 of	 the	 active	 diazotrophic	 communities	
were	evaluated	by	pyrosequencing	analysis	of	the	nifH	gene.	Each	of	
the	six	RNA	 libraries	 (3	treatments	×	2	depth	soil)	was	 labeled	with	
a	unique	oligonucleotide	barcode	and	pyrosequenced	using	454	GS	
FLX	technology.	Pyrosequencing	data	were	processed	as	previously	
described	 by	 Collavino	 et	al.	 (2014).	 Briefly,	 short-	 and	 low-	quality	
sequences	 (Q	value	=	30),	 putative	 frame	 shifts,	 and	 chimeras	were	
removed	from	the	database.	Remaining	high-	quality	sequences	were	
clustered	with	OTUs	defined	at	98%	amino	acid	sequence	similarity,	
as	 discussed	 in	Collavino	 et	al.,	 2014.	OTUs	with	 at	 least	 three	 se-
quences	were	selected	and	their	relative	abundance	was	normalized	
using	 the	 subsampling-	based	 method	 described	 in	 mothur	 (http://
www.mothur.org/wiki/Normalize.shared)	prior	to	comparative	analy-
ses.	OTU	representative	amino	acid	sequences	along	with	sequences	
selected	 from	 the	 nifH	 reference	 database	 (http://wwwzehr.pmc.
ucsc.edu/nifH_Database_Public/)	were	 used	 to	 build	 protein	 phylo-
genetic trees.
The	 sequences	 obtained	 in	 this	 study	 have	 been	 deposited	 in	
the	 NCBI-	SRA	 (Sequence	 Read	 Archive)	 with	 the	 submission	 ID	
SRP029166	and	BioProject	ID	PRJNA214426.











1B,	 respectively.	 Theoretical	 calculations	 for	 primer	 concentrations	
and	annealing	temperatures	(Ta)	for	each	pair	of	primers	were	deter-
mined	using	the	web	tool	OligoAnalyzer	 in	 IDT	DNA	(https://www.
idtdna.com/calc/analyzer).	 Primers	 were	 experimentally	 evaluated	
through	PCR	amplification	of	DNA	from	Geobacter	and	Nostoc,	as	well	
as	 from	 other	 phylogenetic	 distant	 diazotrophs	 (e.g.,	Herbaspirillum 




primer,	 1.25	U	Go	 Taq	 (Promega),	 Buffer	Go	 Taq	 10X,	 2.5	mmol/L	
MgCl2	(Promega),	and	ultrapure	water	(Promega)	up	to	25	μl.	Cycling	
conditions	 were	 5	min	 at	 95°C,	 followed	 by	 30	 cycles	 of	 1	min	 at	








MgCl2	 (Promega),	 and	 ultrapure	 water	 (Promega)	 up	 to	 25	μl. The 
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cycling	conditions	were	5	min	at	95°C,	followed	by	30	cycles	of	1	min	
at	 94°C,	 1	min	 of	Ta	 (57–58–59°C),	 and	 2	min	 at	 72°C,	 and	 a	 final	





vironmental	 samples	 at	59°C	 (Fig.	 S4B,	 line	6).	The	 amplification	of	












target	mismatch	 at	 nucleotide	 position	 8	with	 respect	 to	nifH	 from	
G. diazotrophicus	 (Genbank	 accession	AF105225),	 nevertheless	 non-	
nifH	gene	amplification	was	detected	from	G. diazotrophicus	DNA	 in	
the	optimized	PCR	conditions	 (Fig.	 S4D).	 In	 addition,	 the	 specificity	




Extract	 II,	Macherey-	Nagel)	 and	 cloned	 using	 the	TOPO-	TA	pCR2.1	
kit	(Invitrogen)	according	to	the	manufacturer’s	conditions.	A	total	of	
52	 clones	were	 sequenced	using	 capillary-	based	Sanger	 sequencing	
method.	Nucleotides	sequences	were	 identified	using	blastX	against	
NCBI	 database.	 The	 best	 match	 for	 all	 sequences	 corresponded	 to	


















end	of	 each	 cycle.	 16S	 rRNA	gene	 abundances	 quantified	 by	 qPCR	
using	 universal	 primers	 338F-	518R	 (Park	 &	 Crowley,	 2005)	 were	
employed	to	normalize	the	nifH	values	between	the	different	samples.	
The	relative	levels	of	the	nifH	were	calculated	using	the	tool	GENORM	
(https://genorm.cmgg.be/).	All	 qPCR	 reactions	were	 run	 in	 duplicate	
with	DNA	extracted	 from	 two	biological	 replicates,	 and	 the	melting	
curve	of	each	run	was	analyzed	to	ensure	the	proper	development	of	
amplification	cycle.
2.5 | Soil physical and chemical characterization
General	soil	properties	were	determined	in	crushed	and	2	mm	sieved	




















samples	 (cores,	 135	cm3)	 at	matric	 suctions	 of	 10,	 30,	 60,	 90,	 330,	
2,000,	and	15,000	cm	in	a	pressure	plate	apparatus	(Klute,	1986)	with	
depths	 of	 0–10	 and	 10–20	cm	 (n	=	27).	Water	moisture	 and	matric	
suction	 pairs	were	 fitted	 to	Van	Genuchten	 (1980)	water	 retention	
model,	 according	 to	 equation	(1),	 considering	 the	 Mualem	 restric-
tion	m	=	1-	1/n	(Mualem,	1986).	This	procedure	was	done	with	RETC	
software	 (Van	Genuchten,	Leij,	&	Yates,	1991),	using	nonlinear	 least	
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where θs	is	0	water	potential	(saturation).
For	each	sample,	a	pore	volume	distribution	function	was	deter-
mined	 according	 to	Reynolds,	Drury,	Tan,	 Fox,	 and	Yang	 (2009)	 and	
Shahab,	Emami,	Hagnia,	and	Karimi	(2013)	with	a	further	normaliza-























by	 rarefaction	 curves	with	 the	 rarefaction	 single	Mothur	 command	
using	resampling	without	replacement	approach	(Schloss	et	al.,	2009).	
The	 estimators	 of	 richness	 (Chao1,	 SChao1)	 and	 diversity	 Shannon–
Wiener	 (H’)	were	 calculated	 from	 the	OTUs	 normalized	 abundance	
matrix	 using	 Past3	 program	 (Hammer,	 Harper,	 &	 Ryan,	 2009).	 To	
determine	 the	 significance	 of	 richness,	 diversity,	 and	 nifH	 relative	
abundance	 across	 treatment-	depth	 samples,	 one-	way	 and	 two-	way	
ANOVA	models	coupled	with	Tukey’s	multiple	comparison	of	means	
were	 applied	with	 the	 statistical	 package	 InfoStat	 version	2011	 (Di	
Rienzo	 et	al.,	 2008).	 For	 comparative	 analysis	 of	 the	 composition	
between	 samples	 (β-	diversity)	 two	 measures	 of	 dissimilarity	 were	
applied.	 Bray–Curtis	 measure	 (Bray	 &	 Curtis,	 1957)	 was	 calculated	
from	 the	 abundance	 of	 nifH	 subclusters	 while	 weighted	 normalize	
UniFrac	measure	(Lozupone,	Lladser,	Knights,	Stombaugh,	&	Knight,	
2011)	was	applied	on	the	abundance	and	phylogeny	of	the	nifH	OTUs.	






mators	 of	 richness	 and	 evenness	 (SChao1	 and	H’,	 respectively),	were	






3  | RESULTS AND DISCUSSION
3.1 | Diversity of the active diazotrophic community
We	were	able	to	synthesize	and	subsequently	PCR	amplify	nifH-	cDNA	
from	total	RNA	extracted	from	two	soil	depths	(topsoil:	0–10	cm,	sub-
surface	 soil:	 10–20	cm).	We	assume	 that	 this	 cDNA	 represents	 the	












timators	of	 richness	 (SChao1)	 and	evenness	 (H’)	 (Fig.	 S1	and	Table	1).	
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significantly	higher	than	the	ADC	(p < 1e−4	and	p = 2e−3	for	GAP	and	
PAP,	respectively).	Moreover,	a	lower	number	of	OTUs	(229	in	GAP	
and	173	 in	PAP)	was	observed	 in	 the	cultivated	soils	of	ADC	com-
pared	to	those	observed	in	the	potential	community	(361	in	GAP	and	
381	in	PAP).	We	have	previously	reported	that	richness	and	diversity	
of	 the	 potential	 diazotrophic	 community	were	 not	 affected	 by	 soil	
management	 practices	 (Collavino	 et	al.,	 2014).	The	 diversity	 differ-
















(Eilers,	Debenport,	Anderson,	&	Fierer,	 2012).	 Similar	 results	 using	
techniques	of	DNA	fingerprinting	showed	a	decrease	in	bacterial	di-
versity	 in	deeper	 layers	of	soil	 (Agnelli	et	al.,	2004;	Fierer,	Schimel,	











explaining	 the	 opposite	 trend	 of	 diversity	 in	 relation	 to	 depth	 ob-
served	 in	 this	 treatment.	Also,	 the	 excessive	 use	 of	 agrochemicals	
could	 be	 affecting	 the	 presence	 of	 certain	 groups	 (e.g.,	 OTUs	 re-
lated	to	Bradyrhizobium,	as	detailed	below)	and	thus	decreasing	di-
azotrophic	topsoil	diversity.
3.2 | Comparison of diazotrophic communities across 
contrasting agricultural soil management and depth
Patterns	of	ADC	β-	diversity	across	all	samples	were	examined	using	
principal	 coordinate	 analysis	 (PCoA)	 with	 weighted	 UniFrac	 dis-
tances	and	Bray–Curtis	dissimilarities.	The	results	of	both	analyses	
showed	similar	ordinations	and	groupings	between	soil	samples	as	
well	 as	 a	 high	 percentage	 of	 total	 variance	 explained	 (PC1	47.5%	
for	UniFrac	 and	55.8%	 for	Bray–Curtis).	As	 shown	 in	Figure	1	 for	
weighted	 normalized	 UniFrac	 analysis	 (Bray–Curtis-	based	 ordina-





and	 PAP	 samples	 are	 distantly	 arranged	 between	 them.	 The	 PAP	




by	Rosa	et	al.	 (2014)	 that	PAP	management	compared	 to	NE	pre-
sented	an	 important	effect	on	 the	 size	and	 the	 functioning	of	 the	
denitrification	community	in	Argentinean	cropping	fields.	Moreover,	
Depth (cm)/management SeqN SeqNn Sobs H′ SChao1 RChao1
0–10
NE 3,983 3,151 231 3.96	f 245 d 94
GAP 6,265 3,159 67 1.12 c 67 b 100
PAP 4,997 3,159 20 0.11	a 27	a 74
0–20
NE 3,335 3,159 166 3.32 e 183	c 91
GAP 4,463 3,159 33 0.37 b 50	ab 66
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PCoA	plots	 show	that	 samples	 from	0	 to	10	cm	are	more	dissimi-
lar	than	samples	from	10	to	20,	given	by	the	proximity	in	the	plot.	
This	 is	also	 reflected	 in	 the	 lower	number	of	OTUs	shared	among	
all	the	0–10	cm	samples	(3	OTUs)	compared	to	those	shared	in	the	
10–20	cm	samples	(11	OTUs).	The	topsoil,	expected	to	have	more	
physical	 and	 chemical	 disturbances	 due	 to	 the	 agricultural	 prac-
tices,	showed	the	most	different	diazotrophic	community	between	
treatments.
3.3 | Composition of the active diazotrophic 
community of soil
The	 437	 distinct	 OTUs	 obtained	 from	 Pergamino	 soils	 were	 as-
signed	 into	 the	 four	 major	 clusters	 and	 the	 17	 subclusters	 that	
comprise the nifH	phylogeny	 as	 previously	 defined	by	Zehr	 et	al.	
(2003).	 The	 most	 abundant	 group	 across	 the	 entire	 nifH-	cDNA	




from	 subcluster	 1B	 (16.7%)	 related	 to	 the	 Nostocales,	 and	
Verrucomicrobiales	and	Desulfovibrionales	from	subcluster	3B	(8%).	
The	 remaining	 nifH	 subclusters	 represented	 less	 than	 1%	 of	 the	
total	sequence	count	(Table	2).


























Group OrderdSequence counta OTU countb Distributionc
Subcluster
1 0.1 0.5 33 Epsilon Campylobacterales
1A 44.8 48.5 83 Delta Myxococcales	and	Desulfuromonadales
1B 16.7 2.3 50 Cyanobacteria Nostocales
1C 0.6 1.1 50 Firmicutes Clostridiales
1E 0.2 0.7 33 Firmicutes Bacillales
1G 0.05 0.2 50 Gamma Pseudomonadales	and	Enterobacteriales
1J 0.4 1.1 83 Alfa	and	Beta Rhizobiales	and	Rhodospirillales
1K 29.0 24.7 100 Alfa Rhizobiales
1O 0.05 0.2 17 Gamma Chromatiales
1P 0.2 1.1 67 Beta Rhodocyclales




















represented	 in	 cultivated	 soils	 and	 showed	 a	 differential	 distribu-
tion	 across	 depth	 (Figure	3).	The	 1K	OTUs	 represented	 25%	of	 the	
nifH-	cDNA	database	and	fell	in	two	groups	related	to	rhizobiales	se-
quences.	Particularly,	OTU	355	more	closely	 related	 to	B. japonicum 
USDA	110,	a	broadly	used	strain	 in	soybean	commercial	 inoculants,	
was	found	mainly	in	the	topsoil	of	GAP.	Although,	both	GAP	and	PAP	






and	Rhizobium	 sp.	have	been	 found	 in	endophyte	community	of	 rice	
and	 sugarcane	 roots	 (Burbano	 et	al.,	 2011;	 Sessitsch	 et	al.,	 2012).	A	
high-	throughput	study	of	the	ecological	profile	of	diazotrophic	commu-
nities	from	soil	lacking	legumes	revealed	several	nifH	sequences	related	
to Bradyrhizobium	 and	Rhizobium	 (Wang	et	al.,	 2013).	Wang	and	 col-
laborates	proposed	that	rhizobia	could	have	a	wide	range	of	lifestyles,	
including	 that	 as	 a	 free-	living	N2	 fixer.	Alternatively,	 it	 is	 possible	 to	
speculate	that	yet	uncharacterized	microorganisms	may	have	received	
the nifH	genes	of	rhizobia	by	horizontal	transfer.










OTU	 in	 the	 database	 (16.4%)	 and	 found	 only	 in	 the	 topsoil	 of	 PAP	
(Figure	3).	The	cyanobacterial	 clade	 is	 a	 relevant	diazotrophic	group	










also	 to	 a	 certain	 extent	 to	 sequences	 from	Verrucomicrobiales	 (82%	
similarity).	This	OTU	was	only	 found	 in	 the	subsurface	of	PAP	sam-











3.4 | qPCR of specific nifH phylotypes
In	order	to	evaluate	the	data	obtained	from	deep	sequencing	of	nifH-	
cDNA,	 the	 abundance	 of	 two	 particular	 members	 of	 the	 N2-	fixing	






(p = .009)	and	depths	 (p > .03).	The	pattern	of	 relative	abundance	of	
Geobacter nifH	 resulting	 from	 qPCR	 analysis	 and	 the	 one	 revealed	
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it	 was	 only	 detected	 at	 lower	 abundance	 in	 the	 subsurface	 of	 NE	
(p = .009)	(Figure	4).	Occurrence	of	Cyanobacteria	in	the	topsoil	could	
be	 linked	to	 the	 fact	 that	 this	 layer	presents	beneficial	environmen-






3.5 | Land- use, edaphic properties, and active 
diazotrophic community
The	physical	 and	 chemical	 characteristics	 of	 the	 land-	use	 types	 are	
presented	 in	 Table	3.	 No	 granulometric	 differences	 were	 observed	
across	 the	 soils	 examined.	 Tendency	 of	 OC	 was	 NE>PAP>GAP	
(Table	2).	High	OC	at	both	sampling	depths	of	NE	 (data	not	shown)	
could	 be	 explained	 by	 the	 lack	 of	 disturbance	 and	 the	 presence	 of	
active	roots	the	year-	round	(Novelli	et	al.,	2011;	Six,	Elliott,	Paustian,	
&	Doran,	1998).
Location	 and	 shape	 porosity	 curve	 variables	 were	 affected	 by	
management	 practices,	 but	 not	 by	 depth	 (Table	 S1).	 Pore	 diameter	
values	 (Dmode),	 statistical	distribution	of	 the	pores	 (Por.	SD),	and	the	
nonnormality	 pore	 size	 distribution	 (Skewness)	 were	 significantly	
higher	in	NE	than	cultivated	soils	(Table	S1).	Por.SD	of	this	treatment	
largely	 exceeds	 the	 expected	 optimal	 ranges	 proposed	 by	 Shahab	
et	al.	 (2013)	 indicating	 that	diverse	 sizes	of	pore	diameter	are	pres-
ent	 in	NE.	Macroporosity	 (PMac>300)	 showed	a	 significant	 interaction	
between	treatment	and	depth.	In	GAP	and	NE	soils	the	higher	values	
were	observed	in	the	first	0–10	cm,	whereas	in	PAP	the	highest	value	
was	found	 in	the	10–20	cm	depth	 (Table	S2).	Bulk	density	 (BD)	was	
different	between	land-	use	types	and	the	highest	values	were	found	
in	the	agricultural	soils	(Table	S2).	High	BD	values	and	the	occurrence	
of	 platy	 structures	 (Kraemer	 et	al.,	 2017)	 can	 cause	worse	 porosity	
conditions	in	GAP	and	PAP	compared	to	NE.	Moreover,	aggregate	sta-
bility	(fast	water	immersion)	from	NE	was	significantly	higher	(MWD:	




soil	properties	are	 shown	 in	Figure	5.	Diversity	and	 richness	appear	
to	 be	mainly	 driven	 by	 several	 edaphic	 properties	 that	 characterize	
the	NE	 soils.	These	properties	 include	Dmode,	 Por.SD,	CEC,	 and	OC.	
Diversity	 also	 shows	 significant	 correlations	 with	 hydrophobicity	





nonabundant	 nifH	 subclusters	were	mainly	 represented	 in	 NE	 soils	





Also,	 the	 correlation	 between	diversity	 and	OC	has	 been	 found	
while	examining	the	diversity	of	nifH-	DNA	sequences	from	the	same	
soils	(Collavino	et	al.,	2014).	It	has	been	found	that	OC	increases	the	
abundance,	 diversity,	 and	 activity	 of	 soil	 diazotrophic	 communities,	
which	may	be	explained	by	the	promotion	of	heterotrophic	N2-	fixing	
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bacterial	subcluster	 (1B)	 increased	under	 this	management	 (Figure	2	


















to	 the	 other	 topsoil	 samples.	This	 together	with	 low	 aggregate	 sta-










by	microaerophilic	organisms	 such	as	Bradyrhizobium	 and	 the	meth-
anotrophic	 group	 Methylosinus/Methylocystis.	 Accordingly,	 the	 pro-
portion	of	subcluster	1K,	composed	mostly	by	rhizobiales	sequences,	
was	 found	 to	be	 increased	 in	 the	GAP	 topsoil	 sample	 (Figure	2	and	
Figure	5).
3.6 | Concluding remarks































































































































































































































































































































































































































































































observed in the nifH-	cDNA	data	was	validated	by	qPCR	analysis.
The nifH-	cDNA	database	 encompass	437	OTUs,	whereas	 about	
600	OTUS	were	 identified	 in	 the	DNA	analysis	 previously	 reported	
(Collavino	et	al.,	2014).	This	suggests	 that	 the	ADC	from	Pergamino	







munity	with	 a	 key	 role	of	1A	group,	while	 poorer	 soil	 physical	 con-
ditions	 drive	 the	 predominance	 of	 few	 groups,	 such	 as	 Rhizobiales,	













management	 and	 depth	 conditions.	 For	 instance,	 the	 abundance	 of	
nifH	gene	related	to	Geobacter	was	found	reduced	 in	soils	under	 in-
tensive	monoculture,	which	showed	the	 lowest	structural	condition,	
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